High efficiencies, wide operation range and rapid response time have motivated the recent interest in proton exchange membrane (PEM) electrolysis for hydrogen generation with surplus electricity. However, degradation at high current densities and the associated mechanism has not been thoroughly explored so far. In this work, membrane electrode assemblies (MEA) from different suppliers are aged in a commercial PEM electrolyzer (2.5 N m 3 H 2 h -1 ), operating up to 4 A cm -2 for more than 750 h. In all cases, the cell voltage (E cell ) decreases during the testing period. Interestingly, the cells with Ir-black anodes exhibit the highest performance with the lowest precious metal loading (1 mg cm -2 ). Electrochemical impedance spectroscopy (EIS)
Introduction
Since December 2015, 195 countries adopted the first universal climate agreement at the United Nations conference on climate change (COP21). It establishes to hold the increase in the global average temperature below 2 °C by reducing emissions to 40 gigatonnes of CO 2 [1] . A major emitting sector is the energy sector and renewable sources such as wind, water, and solar can help reduce the emissions. In this context, Germany with its energy policy of Erneuerbare Energien Gesetz -EEG targets to produce 80% of electrical power from renewables by 2050 [2] .
However, due to the substantial discrepancy between the temporal availability of renewable energy (e.g. differences between day/night or winter/summer) and the actual needs, the opportunity of temporarily store excess energy is necessary. In such scenario, hydrogen can act as a carbon neutral energy vector when being produced by water electrolysis using surplus electricity from renewables [3] . Commercially, hydrogen can electrochemically be produced by alkaline and proton exchange membrane (PEM) electrolysis [4] , representing both environmentally friendly but economically unattractive technologies if natural gas infrastructure for steam reforming is available. Despite the fact that alkaline electrolysis is a well-established and durable technology, the issues in gas purity, safety and response time has pushed the research and the industrial interest toward the PEM technology in the recent years [5, 6] . For comparision alkaline electrolyzers can produce H 2 up to 99.5% purity while 99.995 % can be achieved with the PEM technology [7] . Moreover, PEM electrolyzers have a relevant technological potential because of the high efficiency, compact design, simplicity of the system ancillary, easy maintenance, rapid response and wide dynamic operation range [6, [8] [9] [10] [11] [12] .
However, questions about durability, degradation mechanism and availability of precious metals for catalyst are still unanswered. Furthermore, the high investment cost hinders the wide spread commercialization of the technology at the Mega-or Terawatt scale.
Currently, the investment costs of a PEM electrolyzer system are almost three times higher compared to the alkaline technology [13] . The stack comprises about 60% of the cost of the PEM electrolyzer system and the titanium bipolar plates (BPP), are responsible for half the cost of the stack. While membrane electrode assembly (MEA) manufacture and the precious metal catalysts own together about 20% [14] . Yet, the investment cost of the PEM electrolysis technology is to be decreased from 1000 -2000 €/kW to 300-600 €/kW in 2030 [11, 15] . One approach to meet this target is by reducing the stack component cost. For example, BPPs are manufactured on titanium thanks to its corrosion stability in oxidative environments, but machining this metal is complicate and expensive [16, 17] . Recently, coated stainless steel has proven to be an alternative base material for BPPs, showing similar durability than the titanium ones [18, 19] .
Once the problem of the high cost of the bipolar plates is overcome then the precious metal catalysts will be the dominant constraint. Platinum is commonly used as hydrogen evolution reaction (HER) catalyst at the cathode and iridium is used as oxygen evolution reaction (OER) catalyst at the anode [20, 21] . The former requires much higher loadings than platinum and is expensive ($545.95 per troy ounce, national minerals information center, 2015). Moreover, it is one of the scarcest elements with an annual production value of less than 9 tons [22] . It certainly will not be sufficient for a Terawatt infrastructure of PEM electrolyzers with the current loadings of 2-3 mg cm -2 [23] . In this context, several groups are intensively working on the development of highly active OER catalyst with less amount of Ir [24] [25] [26] [27] [28] [29] [30] [31] or eve Ir-free catalysts [32] .
Finally, another approach for reducing the investment cost of the stack is simply by operating it at high current densities. Nowadays most commercially available PEM electrolyzers are designed for operating at current densities lower than 2 A cm -2 (nominal). Assuming an ideal faradic efficiency (ε F ) of 100%, an increase of the current density from 2 to 4 A cm -2 would double the hydrogen production but not affect the cost of the stack. Only the adjustment of the power electronics and ancillary parts is required, which contribute moderately to the system cost.
Yet, the behavior of a PEM electrolyzer system and degradation of MEAs operating at high current densities is still unclear. In this work rainbow stacks with MEAs from different suppliers were tested in a commercial PEM electrolyzer (2.5 N m 3 H 2 h -1 ) up to 4 A cm -2 for more than 750 h under constant and dynamic regimes. The stack performance and degradation mechanisms are thoroughly addressed.
Experimental

PEM electrolyzer system
The commercially available Hylyzer ® Hydrogen Generator (HHG) from Hydrogenics was used as a test bench. This system designed for 40-cell stack with an active area of 120 cm² for operation at a nominal current density of 2 A cm -2 with an overall production of 2.5 Nm³ h -1 .
System modifications from Hydrogenics allowed reaching a peak current density up to 6 A cm -2 with an 8-cell stack, although the overall system efficiency is compromised. The 92E stack model technology from Hydrogenics was used for the measurements. Several MEAs from different suppliers were assembled to investigate the impact of catalysts, electrode layer and production process. All the MEAs had the same membrane Nafion 115 and therefore same thickness. As customized MEA (E500) with Ir-black (Umicore) as oxygen evolution reaction (OER) catalyst was manufactured since this material is one of most active commercially available catalyst [33] . A detailed summary of the MEA specifications is given in Table 1 .
Protocol of measurements
An initial activation time for more than 300 h at nominal conditions was employed for reaching a stable condition. Subsequently, a protocol of measurements was implemented for studying performance and degradation of the stack. Figure 1a and 1b show the stack current density and the potential response, respectively, with respect to operating time. Initially, electrochemical impedance spectroscopy (EIS) for each cell was performed at 0.25 A cm -2 before set point T1.
Thereafter the HHG operated constantly at 2 A cm -2 for more than 400 h and then 50 h dynamically with a maximum (j max ) and minimum (j min ) current densities of 2 A cm -2 and 0.15 A cm -2 , accordingly. EIS was performed again before (T2) and after (T3) operation at constant 4 A cm -2 for 250 h. In case of cell 7 and 8, EIS measurements were performed at different current densities to gain more information about the kinetic behavior. These were performed on each cell of the stack with an external EIS module. For this purpose, the stack was disconnected from the rectifier and only the water pump of the anodic cycle was running. the Nanoscope Analysis software V 1.6 using bearing analysis.
Scanning electron microscopy (SEM)
To determine the thickness of the membrane and changes in the electrodes, pristine and post mortem MEA cross-sections were examined with SEM. Samples with a width (i.e., cross- 
Results and discussion
Performance of the electrolyzer
The cell voltage (E cell ) -current characteristics of the cell 1-8 with different providers is presented in Figure 2a . The right axis corresponds to the temperature of stack vs. the applied current density. The stack temperature in the HHG is controlled by its own generated heat and cools down with air ventilation, which turns on when reaching the temperature limit of 63°C.
Thereafter, it operates with the fans turned on until the temperature drops down to 55°C, thus causing temperature induced fluctuations in the E cell . The higher the current density of the stack, the higher are the over potentials and the corresponding temperature-dependent power losses ( Figure S1 , supporting information). When performing the polarization curve, the temperature variations lead to a bending of the current-potential curve, in particular at high current densities, until the ventilation starts at around 3.85 A cm -2 . Then the stack cools down and the potential increases again. In general the performance of all cells is quite remarkable, being above of what it has been previously reported for PEM electrolyzer systems with comparable cell sizes, temperature, membrane thickness and H 2 production rate [6, 8, [34] [35] [36] [37] [38] [39] . To get some insight about the stability of the MEAs, polarization curves and impedance spectra were recorded before (T1) and after (T2) running the HHG at 2 A cm -2 for ca. 500 h, Figure 3a , and after 250 h at 4 A cm -2 (T3), 
Electrochemical impedance spectroscopy
Figure 4a presents the equivalent circuit used for simulating the impedance spectra for quantitative comparison. The element R1 is an ohmic resistor, which accounts for the ohmic parts of the PEM electrolyzer cells such as electrical or ionic conductive elements. It corresponds mostly to the high frequency (HF) x-axis interception at ca. 1 kHz. Two R/CPE semi circuits model the two arcs shown in Figure 4b . The meaning of the first arc at high frequencies is controversially discussed in the literature. Taking into account, that PEM electrolysis and PEM fuel cell operations are often interpreted analogously, the high frequency arc could explained by the second electrochemical process corresponding to the hydrogen evolution reaction (HER) [45, 46] . Other groups associate the HF arc with charge transfer processes combined with double layer effects of electrical and/or ionic conductive materials and oxides in the active layer [47] [48] [49] . We support the interpretation of the latter in order to explain the small impact of the current density on the HF arc and the linear resistance behavior. This resistance increases after reaching higher potentials (at T3), which can be attributed to morphology and structure changes in the electrode ( Figure S3 , supporting information). Figure 4b shows the impedance spectra of cell 7 at T1, T2 and T3 including the simulation fitting. The most obvious trend is the decrease of ohmic resistance over time. Figure 4c shows the EIS measurements at different current densities, which are also carried out for cell 7 and cell 8. The results provide detailed information about kinetic parameters, such as the Tafel slope and specific exchange current.
Detailed analysis of the impedance spectra was exemplary made for cell 7, Figure 5a -5d. The polarization curves presented in Figure 5a were corrected by a factor of 5.5 mV °C -1 to eliminate the impact of the small temperature difference. The temperature correction was not necessary for the EIS measurements and the polarization curves in Figure 5b . These measurements were performed shutting off completely the H 2 -generator and an external pump with low flow rates along with a potentiostat/galvanostat were used. Thus the temperature was strictly controlled at 29 ± 0.5 °C. Figure 5a shows the polarization curves up to 2 A cm -2 at T1, T2 and T3 as summarized in Table 2 . Caused by a pronounced change in slope, the three curves intercept in the low current density regime, thus resulting in an increased potential at current densities lower than 0.5 A cm -2 .
An improved performance can be observed at current densities higher than 0. Deeper analysis of the kinetic properties and the changes over time can be made by ohmic drop correction. This procedure allows the analysis of the Tafel slopes and thus determination of the kinetic parameters, which are summarized in Table 2 . It summarizes the Tafel slope and specific exchange current of the Buttler Volmer equation of cell 7 at T1, T2 and T3. The EIS measurements at 10, 20 30 and 40 A were used for analyzing the kinetic parameters. For the first measurement at T1, a Tafel slope of 44.3 mV dec -1 was calculated, being slightly higher compared to the measurements of T2 and T3. The higher Tafel slope of T1 compared to T2 and T3, affects the specific exchange current. By correcting the linear fit of the logarithm scale to reach a comparable value for the slope of T1, the exchange current density shows a progressive degradation, which correlates very well with the data of Figure 5c . The increase of the charge transfer resistance, which lowers of the specific exchange current, is related to loss in electrocatalytic properties, e.g. decrease of surface area by losing catalyst material and ionomer in the catalyst layer. The presence of iridium in the DI water resin after the measurement protocol supports this conclusion. A list of all the elements detected by XPS analysis on the resin is given in Table 3 , which were determined by XPS ( Figure S4 , supporting information).
In Figure 5d or improving contacts between BPP, current collector and electrode can be reasons as well. An increase of S, F and O in DI water resin, Table 3 , indicates a degradation of the ionic conductive omponent. However, the fluoride found in the resin could be due to MEA break-in (others call it -MEA conditioning‖) and the release of F may cease with time. Lastly, an increase of Fe and Ti content was also observed but it was minimal, considering the molar weight of the elements. The increase of Si can be explained by the degradation of the sealing material.
Summarizing, EIS measurements were proven to be a very useful tool for a deep analysis of the aging of MEAs and their performance. It was possible to separate the ohmic resistance from the activation overpotential and elucidate a degradation mechanism, which would not be obvious from the polarization and time dependent curves. By performing the EIS at different current densities we were able to get information on kinetic parameters such as specific exchange current and Tafel slopes, which helps to understand aging effects of the electrode layer. However, the strong influence of the decrease of ohmic resistance at high current density cannot be sustained without additionally post mortem analysis of the MEAs.
Degradation of MEAs
The post mortem MEAs with Ir-black anodes were analyzed by SEM and AFM in order to explain the changes of the ohmic resistance and propose a degradation mechanism before and after the testing protocol of Figure 1 . Firstly, no decrease of membrane thickness was observed from cross-section SEM images. One reason the post mortem MEA is still having residual moisture and the swelling of the membrane could not be reduced. However, repetitive measurements with different specimens of the MEA proved that there is in fact no membrane thinning contrary to what has been reported for PEM fuel cells and electrolyzers [50, 51] .
Whether we would expect membrane thinning in a test of less than 1000 h up to 4 A cm -2 is difficult to answer without further analysis. From PEM fuel cell studies, it was found that chemical membrane degradation depends strongly on the operation condition, especially on current density [52] . The observation that the fluorine release rate (FER) decreases with increasing current can be explained with the influence of gas crossover. High reactant concentrations increase membrane degradation [53, 54] . Therefore, in PEM fuel cells, membrane degradation is relatively high at open circuit voltage (OCV), where the reactant concentration is high due to the fact that reactants are not being consumed. For PEM electrolysis, it should be opposite which means gas concentration is lowest at voltages close to 1.4 V and therefore it can be expected that the degradation is low. However at high current densities, gas concentration increases and one would expect degradation and membrane thinning. Membrane thinning in PEM electrolyzers occurs during long term operation even when using thick membranes as Nafion 117 [51] , but so far it is not well understood the cause and in which operation conditions the effect is accelerated. Figure 5b shows a release of catalyst particles into the membrane. Catalyst ions diffuse into the membrane and are reduced within the polymer which has also been reported for fuel cell MEAs [55] [56] [57] [58] [59] . Interesting is an interlayer between the catalyst layer and the membrane of about 5μm.
Since this layer cannot be detected for the unused MEA, it is likely a diffusion of dissolved iridium into the membrane during operation.
The cross sections of the samples were also analyzed by material-sensitive and conductive AFM.
The structure and the relative conductive area of the electrodes, determined by the NanoScope software on an area of 25 µm 2 were measured before and after operation. Before operation, the conductive area of the anode and cathode was determined from three different areas to an average of 30 ± 4 % and 37 ± 2 %, respectively. After operation, the conductive area of the anode increased by approximately 50% while the conductive area of the cathode remained the same. The results of the AFM analysis are summarized in Table 4 . Figure 7 shows the electrical conductivity AFM images on MEAs before and after operation. The images of the pristine MEAs are characterized by large non-conductive areas, which can be associated with the ionomer. Apart from the ionomer-rich areas, the conductive catalyst particles are homogenously distributed. After operation, agglomerates of catalyst particles can be observed in all areas investigated in the anodes of cell 7, Figure 7b , and cell 8, Figure 7c , and these are larger than in the pristine surface, Figure 7a . Conversely, the cathode side of both cells, Figure 7e and 7f, did not changed after operation compared with the initial state, Figure 7d . The AFM analysis confirms that the surface conductivity of the catalyst layer changed due to ionomer loss. It justifies the decrease of ohmic resistance, which only occurred when the electrolyzer operated at twice the nominal condition of current density.
Conclusions
A first insight on the degradation mechanism of PEM electrolyzers operating at high current densities has been provided. A commercial H 2 -generator with a rainbow 8-cell stack having
MEAs from different companies was operated up to 4 A cm -2 for this study. We showed that the aging of the PEM electrolyzer MEAs depends on current density and operation time, but the associated degradation mechanisms are different in each case. The operation at high current densities reduced the ohmic drops, while long operation led to gradual deactivation of the anode.
Post mortem analysis of the MEAs (SEM and AFM) and water resin (XPS) revealed a current dependent loss of ionomer and catalyst material in the anode, which resulted in an unexpected enhancement of cell performance at high current densities. Indeed, the current-potential curves of the cells showed a concomitant decrease in E cell for all MEAs, which was caused by the aforementioned decrease in resistance. Remarkably, the MEA with the lowest Ir catalyst loading
(1 mg cm -2 ) showed the lowest E cell at any current density. The development of durable MEAs for PEM electrolyzers is still a challenge and causes of degradation are yet to be comprehended.
Lastly, besides the MEA degradation phenomena presented herein, thermal and mechanical stress during operation at high current densities, can cause additional reduction of the electrode surface area as it occurs in PEM fuel cells [53, [60] [61] [62] . 
